The microstructural change in a single crystal Ni-base superalloy, CMSX-4, was studied, in order to get basic understandings on the problems that might be serious on the process of repair and recoating of hot section were made to explore the method to reduce and prevent the unfavorable effect due to the cellular microstructure and to detect it nondestructively. The experiments indicated that the application of the surface modification technique, or protective metallic coating, on the superalloys, was found to be a possible method. It was also indicated indirectly that the control of parent alloy composition could be important to reduce the harmful effects.
INTRODUCTION
Recently industrial gas turbine power plants have been the major baseload source of power in many countries. These applications require a highly reliable, longterm load machine which can operate using cheap, available fuels [1] . Nobody doubts that the directions of the development are not only to achieve high thermal efficiency but also cost reduction for production and maintenance. Thus, repair, recoating and refurbishment technologies, especially of the hot section components that are subjected to extremely severe condition have been inevitable for this decade. The techniques of recoating, welding and bonding are critical issues as relating articles, as well as new material design, although all of them are on the way of development [1] . As an example, suppose a simple refurbishment process in which single crystal alloys are exposed to actual damages (e. g., fatigue, creep-fatigue and thermo-mechanical fatigue) during the servicing period and then reheat treatment (s) is (are) given for damage recovery as a traditional course for pollycrystalline alloys. We must face on some basic questions; what re-heat treatment should be given? Is the treatment condition same as for the virgin material applicable? Is there a problem on local recrystallization in this case? There seems to be little understanding on the above articles.
Relating to them, some researchers have been studying on phenomenon of local recrystallization and abnormal precipitation growth [2] [3] [4] [5] [6] [7] . They showed the abnormally growing cellular microstructures in some cases, which result in significant degradation in mechanical properties [4] [5] [6] . This must not be special at all. For example, shot blasting procedure on Ni-based superalloys before either protective coatings or bond coating for thermal barrier coatings, that is often conducted to improve the adhesion between the coating/substrate, is also a straining process [2] .
This work is conducted to make clear the formation of the abnormal microstructure, or cellular transformation, resulting from the local plastic deformation in a single crystal Ni-base superalloy, CMSX-4. During the study special focuses are put to get understandings on the effect of the cellular microstructure on the fatigue strength at high temperature and on the methods to reduce the unfavorable effect. The method to nondestructively detect the cellular formation inside the material is also explored.
MATERIALS
The materials tested in this work are a single crystal Table 2 . These processes are planned to simulate a series of damaging process during servicing period and a recovering treatment as a usual case for high temperature comnonents, respectively. The heating rate during the reof reheat treatment will be represented by the notations in Table 2 . The plastic strain was given by the following methods at room temperature: either by diamond indenter (;Vickers or Brinell indenter) or by die-forging (see Fig. 2 ) [6, 7] . It is worthy to note that a shot-blasting process that is a usual course to prepare bond coat for thermal barrier coatings is also a similar straining process [2] . The characteristics relating to the microstructural change after the re-heat treatments are summarized as follows [6, 7] : (i) Abnormal microstructure different from the original has been nucleated around the strained position, depending on the reheat treatment condition (Fig. 1) [6] . When the reheat treatment temperature was so high above the structurally abnormal regions (hereinafter, will be called "cellular microstructure" , or "cellular transformation") has been formed ( Fig. 1(b) ). Note in Fig. 1(b) that the transformation has begun at the temperatures significantly lower than the normal solution heat treatment temper- alloy subjected to previous plastic strain would be inpreferable. This article will be continued to be focused throughout this work. The transformed region in Fig. the transformed region reveals a shape of polygonization, suggesting that this would be one of recovery processes accompanied with strain energy release. The shape of the cells is equi-axed at the center and lamellar at the suburbs, respectively.
(ii) The cellular transformation was developed not only by the model case in laboratory but also by the actual damage, e. g. fatigue and thermo-mechanical fatigue, and it was noticeable near the region where cracks propagatsystems might play an intrinsic role in the transformation.
(iii) The cellular transformation may be different from in some aspects but similar to the rafting phenomenon [8] during creep in other ones [6] .
(iv) The transformation was originated and developed with high anisotropy, being influenced by the following many factors: i. e., the strain field by the local plastic deformation, the crystallographic orientation, the re-heat treatment temperature and time, and the microsegregacess drastically accelerated the local recrystallization [7] . (v) The X-ray pole figure analysis indicated that the transformed region might be interpreted to be the area involving crystallographic orientation boundaries that were nucleated by the rearrangement of alloy atoms by the stimulation of local plastic straining, followed by the reheat treatment [6, 7] It is not difficult to suppose that once the cellular transformed region is nucleated in single crystal Ni-base superalloys, it does harmful for the high temperature strength, because single crystal alloys are generally free of grain boundary strengthened elements. Note that the cellular transformed area can be interpreted to be the area involving crystallographic orientation boundaries (see Sec. 3.1). It is a main objective to investigate the effect of local cellular transformation on fatigue strength in this section. For this purpose the solid cylindrical fatigue specimen accompanied with local cellular microstructure was prepared, according to the following procedures: at first a cold working was applied to the cylindrical sample of CMSX-4 by die forging at room temperature, as illustrated in Fig. 2 , followed by the reheat treatments, according to conditions in Table 2 . From these samples the solid cylindrical smooth specimen of which gauge section diameter and length was 4mm and 10mm, was machined. The fatigue tests were carried out tio of-1.
Metallograph in the longitudinal sections of the CMSX-4 sample to which the condition C treatment has been applied, is given in Fig. 3 . The microstructure has been changed depending on the plastic strain gradient by die-forging: whereas the surface region has been fully recrystallized, any drastic morphology changes have not occurred at the core part on a macroscopic level. It is also important to note that the local cellular transformation grows preferentially along the dendritic structure (see the midsection in Fig. 3 ), indicating that microsegregation in the material might also play an important role in the transformation [6, 9] . is found in the material prepared by the reheat treatment condition B; however, it is not so pronounced.
A typical example of the fatigue-failed specimen is given Fig. 5 , which shows that the specimens failed associated with typical intergranular fracture morphologies. It is not difficult to deduce that the intergranular fracture is due to the lack of grain boundary strengthening elements in CMSX-4. From another point of view this also suggests that a method Fig. 2 . Geometry of specimen die-forged. Fig. 3 . Metallograph of the sample die-forged at room temperature, and then reheated by the condition C (CMSX-4). to prevent intergranular fracture should be useful to prevent such an unfavorable effect due to the transformation. This will be explored in the next section. In the previous research the small fatigue crack propagation of which ured. The rates of the small fatigue crack propagating at the transformed region were remarkably higher than those propagating at the normal region [6] . These are direct evidences indicating the seriousness of the matter.
Prevention of the Unfavorable
Effect It is a critical issue to explore the method to minimize and prevent the above unfavorable effect by the cellular transformation. As suggested in the previous section, it may be useful to add the alloying elements which strengthen grain boundaries, such as C, B, Hf and Zr, into parent material. It is expected that this aspect can be confirmed by an investigation specifying the materials in which the grain boundary strengthening elements have been already involved. Note that the directionally-solidified alloy, CM247LC satisfies this condition (see Table  1 ).
The S-N curves of the CM247LC were given in Fig.  6 , where the fatigue specimens were prepared by the same procedure as in the previous section. It is found that the reduction of the fatigue life associated with the local cellular transformation is significantly relaxed in the CM247LC, compared with in the CMSX-4. This result strongly supports that the addition of grain boundary strengthening elements must be beneficial to escape from the unfavorable effect.
Inspite of the above good suggestion, we have to face on the following dilemma when we try to add grain boundary strengthening element (s) to mother materials: a possible reduction of mechanical properties in healthy mother material, since addition of grain boundary strengthening elements generally leads to a reduction of incipient melting point (hence, a reduction of solution heat treatment temperature). Accordingly, this is not always an attractive method.
It has been confirmed that the cellular transformed area was easily nitrided under external load in air condition area, or very susceptible to environmental attack [10] . From such a point of view an application of the surface modification technique on the superalloys, or protective coating, must be another promising method, In order to explore this alternative method, the protective coating by the CoNiCrAIY alloy was performed on the CM247LC and CMSX-4. The reason why the CoNiCrAlY alloy was chosen is that the overlay coating is expected to heal the core material from the environmental attack. From the fracture mechanics point of view, the overlay coating has a role to lower stress intensity factor (remind that surface defect is more harmful than inner one, even when they are the same size [11] .). The CoNiness by low pressure plasma spraying (by Tocalo Co., Kobe, Japan), and then the following diffusion heat Table 1 ) to produce the local cellular transformation, followed by the CoNiCrAlY overlay coating. It is found from Fig.  7 that the fatigue lives are successfully improved by the coating in the both materials. However, the improvement is seen not only in the transformed materials but in the virgin materials. Accordingly, it should be interpreted that the improvement might be achieved by the protection from environmental, or oxidation attack, rather than by the prevention of the cellular transformation. The selection of appropriate coating alloy which includes grain boundary strengthening elements is expected to introduce more useful effect. Now this project is on a way of investigation. In order to study the above possibility, the cylindrical sample of the CMSX-4 (;4mm in diameter and 5 mm in height, respectively) was prepared by the same procedure in the previous section (;die-forging, followed by the reheat treatment C.). The velocity of ultradirection (in the original specimen) was measured by means of pulser-receiver, where the transducer employed was one with central frequency of 10MHz (Ultran Co., LC12-10). Figure 8 The original reflection echo in the virgin, or normal material is compared with that in the material with the cellular transformation in Fig. 9 . It is found that attenuation of the echo is more pronounced in the latter. This would be related to such a phenomenon that ultrasonic wave is significantly scattered at orientation boundaries, such as grain boundaries.
From these results, ultrasonic method employing the change of velocity and the attenuation may be a promising method for the nondestructive detection.
CONCLUSIONS
In order to get fundamental understandings to establish the refurbishment technology for advanced gas turbines.
the cellular transformation associated with the Fig. 8 . Change of ultrasonic velocity with the cellular microstructure (die-forged at room temperature, followed by the reheat treatment C). was studied, supposing the case in which they are subjected to damage associated with local plastic deformation, followed by the re-heat treatments. During the study special attention was paid to get understandings on the effect of the microstructural changes on the fatigue strength at high temperature. The method to reduce and prevent the above unfavorable effect has been also explored. Furthermore, non-destructive detection method was also studied.
The conclusions obtained are summarized as follows: (1) When microstructurally-controlled single crystal and directionally-solidified Ni-base superalloys were subjected to damages associated with local plastic deformation, followed by the re-heat treatments, the cellular ened in lamellar or equi-axied shape was originated. (2) Once the cellular transformation was formed, the fatigue strength was remarkably reduced. The small fatigue crack propagation rate was remarkably enhanced at the transformed region. (3) It was suggested that the control of alloy compositions could be a useful technique to reduce the harmful effects, adding the grain boundary strengthening elements; Zr, Hf, C and B. The application of surface modification technique, or protective coating by MCrAlY alloy on the superalloys, was found to be another useful method to reduce the unfavorable effect. (4) Ultrasonic method focusing the changes of both velocity and attenuation magnitude is a useful technique to detect the cellular transformation nondestructively.
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